ULLs among children with tinnitus and/or hyperacusis Conclusions: Among children and adolescents seen at an audiology outpatient clinic for tinnitus and hyperacusis, hyperacusis diagnosed on the basis of ULLs is very prevalent and it is often characterized by lower ULLs at 8 than at 0.25 kHz.
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Tinnitus is the sensation of sound without any external acoustic sound source. Hyperacusis is intolerance of everyday sounds that causes significant distress and impairment in social, occupational, recreational, and other day-to-day activities . The sounds may be perceived as uncomfortably loud, unpleasant, frightening, or painful (Tyler et al, 2014 ).
There have been many studies of tinnitus and hyperacusis in adults, but relatively few studies in children. The need for further research on children with tinnitus and hyperacusis and the development of therapeutic services for such children has been highlighted by several authors (Coelho et al, 2007; Aazh et al, 2011; Baguley et al, 2013; Rosing et al, 2016a) .
Estimates of the prevalence of tinnitus and hyperacusis in children vary from 4.7% to 46% for tinnitus and from 3.2% to 17% for hyperacusis (Coelho et al, 2007; Rosing et al, 2016b) . Baguley et al (2013) combined data from clinics in several European countries that accepted referrals for tinnitus. They reported that among 87 children referred with a primary complaint of tinnitus, the severity of the tinnitus was classified as mild for 19 (22%), moderate for 52 (60%) and severe for 16 (18%). They stated that the tinnitus was accompanied by hyperacusis in 34 cases (39%), but they did not define the criteria used to diagnose hyperacusis. Kentish et al (2000) reported that 46% (11/24) of children with tinnitus who were referred to a psychology department for tinnitus management complained about loud noises and the effects of the noises on their tinnitus. Such complaints could indicate the presence of hyperacusis, although this was not concluded explicitly by the authors. In a case review, Rosing et al (2016a) reported that 50% (6/12) of children referred to audiology from EarNose-Throat departments and 28% (19/69) of children referred to audiology from education and psychology settings for their tinnitus and/or hyperacusis were diagnosed with hyperacusis. They did not report the outcome of any audiological evaluations.
Uncomfortable Loudness Levels (ULLs) are often used to diagnose hyperacusis. For normal-hearing people, the average ULL is approximately 100 dB HL (Sherlock & Formby, 2005) . For people with hyperacusis, average ULLs are typically reduced (Tyler et al, 2014; Aazh & Moore, 2017a) . Coelho et al (2007) reported that 18% of children (40 out of 222)
aged 5-12 years who answered "yes" to the question "are you bothered by sounds?" had ULLs below 90 dB HL for at least at one frequency out of 0.25, 0.5, 1, 2, 3, 4, and 6 kHz for at least one ear. Aazh and Moore (2017a) proposed diagnostic criteria for hyperacusis based on the average ULL across 0.25, 0.5, 1, 2, 4 and 8 kHz for the ear with the lower average ULL, which is denoted ULLmin. They suggested that a value of ULLmin equal to or below 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 (Aazh & Moore, 2017a) .
With this ULLmin criterion, 95% of adult patients diagnosed as having hyperacusis were found also to meet the criterion of a cut-off score on the Hyperacusis Questionnaire (HQ) (Khalfa et al, 2002) of 22 or more (Aazh & Moore, 2017a) . The proportion of children and adolescents seeking help for tinnitus and/or hyperacusis from audiology clinics who meet the ULLmin criterion for hyperacusis is not known.
Recently several authors have reported that some people with hyperacusis have ULLs as low as 30 dB HL (Sheldrake et al, 2015; Zaugg et al, 2016; Aazh & Moore, 2017c The aim of this study was to assess the proportion of children and adolescents seen at an audiology outpatient tinnitus and hyperacusis service who met the ULL criteria for hyperacusis (ULLmin ≤77 dB HL) and severe hyperacusis (ULL of 30 dB HL or less for at least one of the measured frequencies).
Method

Study design and patients
This was a retrospective study conducted at the Tinnitus and Hyperacusis Therapy Specialist Clinic (THTSC), Royal Surrey County Hospital, Guildford, UK. The data for all patients aged 18 years or below who attended the THTSC between January 2013 and December 2016
were included (n = 62). These are referred to for brevity as "young" patients. The total number of patients over 18 years old with a primary complaint of tinnitus and/or hyperacusis who attended the THTSC in that period was 1565.
Demographic data for the young patients and the outcomes of their most recent audiological investigations were imported from the records held at the Audiology department.
Audiological measures are listed below.
(1) Audiometry All young patients had appropriate audiometric testing but in several cases this had been performed in the referring clinic. As the therapeutic intervention offered at the THTSC is based on cognitive therapy (Aazh & Allott, 2016) , it was felt unnecessary to repeat the audiometric testing in these cases. However, to ensure consistency of the quality of data, (2) Uncomfortable loudness levels (ULLs)
ULLs were measured using the BSA recommended procedure (BSA, 2011b). ULLs were only measured after a detailed explanation of the procedure had been given and the patient had understood and agreed to the procedure. For 21 out of 62 young patients, ULLs were not measured at any frequency, either because the patient did not seem to understand the instructions or because the patient/parent did not consent to the test.
Ethical approval
The study was approved by the South-West Cornwall and Plymouth Research Ethics
Committee and the Research and Development Department at the Royal Surrey County
Hospital.
Data analysis
The data were anonymized prior to statistical analysis. Descriptive statistics, specifically means and standard deviations (SD), are reported. Wilcoxon rank-sum tests were used to compare means. The p-value required for statistical significance was set at p<0.05. STATA (version 13) data analysis and statistical software was used for the analyses (StataCorp, 2013) . The analyses were restricted to patients for whom there were complete data on all variables required for a particular analysis. The number of patients included in each analysis (n) is reported.
Results
A total of 62 young patients were assessed. Their average age was 12 years (range 4 -18 years, SD = 4.1 years). Fifty two percent (32/62) were male. Twelve patients were referred because they had tinnitus with no sound intolerance complaint, 17 had sound intolerance The mean audiometric thresholds and ULLs (across all frequencies from 0.25 to 8 kHz) are presented in Table 1 . The mean PTA across ears was 13 dB HL (SD = 14.5) (n = 54; these 54 were the patients whose pure-tone audiometric thresholds were measured across all frequencies required for calculation of the PTA). Based on the PTA for the worse ear, 80%
(43 out of 54) were classified as having no hearing loss, 13% (7/54) had mild hearing loss, 5.6% (3/54) had moderate hearing loss, and 1.8% (1/54) had severe hearing loss.
We were not able to calculate ULLmin values for all young patients, since ULLs were not measured for all frequencies needed to calculate ULLmin. Among those for whom ULLmin values could be calculated, the mean value of ULLmin was 64 dB HL (SD = 15, n = 34). Based on the ULLmin values, 85% (29/34) of the young patients had hyperacusis.
The mean ULL across all young patients and ears was 9.3 dB (SD = 16 dB) lower at 8 than at 0.25 kHz. For those diagnosed as having hyperacusis, the mean ULL was 11.2 dB (SD = 16 dB) lower at 8 than at 0.25 kHz, while for those without hyperacusis the mean ULL was 1.2 dB (SD = 11 dB) higher at 8 than at 0.25 kHz. However, the difference between those with and without hyperacusis failed to reach significance (p = 0.11). Nevertheless, for 33% (11/31) of young patients, ULLs averaged across the two ears were 20 dB or more lower at 8 than at 0.25 kHz and all of these 11 patients were diagnosed with hyperacusis. The largest difference was 42.5 dB.
The PTA averaged across ears was 13.6 dB HL (SD = 17) for the patients with hyperacusis and 17 dB HL (SD = 12 dB) for the patients without hyperacusis. The difference between groups was not significant (p = 0.23). The mean audiometric threshold at 8 kHz, averaged across ears, was 0.1 dB HL (SD = 12.5 dB) lower than the mean threshold at 0.25 kHz for patients diagnosed with hyperacusis, while it was 2.5 dB HL (SD = 10 dB) higher for those with no hyperacusis. The difference between the two groups was not significant (p = 0.44).
Out of 41 patients, 7 (17%) were diagnosed with severe hyperacusis as indicated by a ULL of 30 dB HL or less for at least one of the measured frequencies for at least one ear. A ULL of 30 dB HL or below occurred most often at 8 kHz (see Table 2 ).
For the patients with severe hyperacusis, the mean value of ULLmin was 44.4 dB HL (SD = 6.8), while it was 68.4 dB HL (SD = 12) for the remainder of the population (p = 0.0004). For the patients with severe hyperacusis, the lowest value of ULLmin was 37.5 dB HL and the lowest ULL at a single frequency was 15 dB HL, which was recorded at 6 and 8 kHz for one patient. There were no significant difference in age and gender distribution between patients with severe hyperacusis and the remainder of the population (p = 0.098 and p = 0.3, respectively). The PTA averaged across ears was 11 dB HL (SD = 7 dB) for patients with severe hyperacusis and 15 dB HL (SD = 17 dB) for the remainder of the population (p = 0.72). The mean audiometric thresholds across ears was 0.7 dB HL (SD = 13 dB) lower at 8 than at 0.25 kHz for the patients diagnosed with severe hyperacusis, while it was and 3.9 dB (SD = 20 dB) higher but not significantly for the remainder of the population (p = 0.57).
The patients with severe hyperacusis tended to show more across-frequency variation in ULLs than the remainder of the population. The mean ULL (averaged across the two ears) was 17.5 dB (SD = 16 dB) lower at 8 than at 0.25 kHz for the patients with severe hyperacusis, while it was only 7.5 dB (SD = 15 dB) lower for the remainder of the population. However, the difference was not statistically significant (p = 0.31).
For the study population as whole, the absolute value of the difference in average ULLs across ears was 5.0 dB (SD = 5 dB). The maximum difference in average ULL across ears was 17.5 dB. The absolute value of the between-ear difference in average ULLs was 5.4 dB (SD = 4.7 dB) for the patients with hyperacusis and 2.2 dB (SD = 3.2 dB) for the reminder of the population (p = 0.076). The absolute value of the between-ear difference in average ULLs was 4.9 dB (SD = 4.8 dB) for the patients with severe hyperacusis and 4.8 dB (SD = 4.7 dB) for the reminder of the population (p = 0.51). Thus, severe hyperacusis was not associated with greater interaural asymmetry.
TABLES 1 AND 2 HERE Discussion
Limitations of the study
One limitation of this study was that complete data were not available for all of the young patients. This introduces a risk of selection bias (Pannucci & Wilkins, 2010) . 34% of the young patients did not understand the instructions for ULLs or they or their parents did not consent to the procedure. The lack of consent probably reflects anxiety that the test might involve the presentation of sounds that would be perceived as uncomfortable or annoying.
This highlights the need to modify the test instructions and procedure to make them more suitable for paediatric populations and to reduce the risk of discomfort, especially for those with hyperacusis. A similar need has been discussed for adults with tinnitus and/or hyperacusis (Aazh & Moore, 2017b) , both in relation to the BSA recommended procedure for A second limitation of this study is that the outcomes apply to a specific cohort of young patients who sought help for tinnitus and/or hyperacusis. The outcomes may not be representative of all children with tinnitus and hyperacusis.
Referral rate for young people with tinnitus and/or hyperacusis
In this study, 62 young patients were seen for tinnitus and/or hyperacusis management in a 4-year period. This represents about 4% of the overall clinical caseload at the THTSC. A survey of four specialist tinnitus clinics in Europe showed even lower caseload percentages of children seen in those clinics, with figures varying from 0.02% to 0.9% of the total clinical caseload (Baguley et al, 2013) . Local awareness among those making referrals will affect how many children are referred. The low referral rate together with the high prevalence of tinnitus in the young population, as reviewed in the introduction, suggest that there is an unmet need and that education of those making referrals is needed.
Audiometric characteristics of the sample
The mean PTA across the frequencies 0.25 to 8 kHz of the young people seeking help for tinnitus and/or hyperacusis was 13 dB HL (SD = 14.5 dB) which is lower than the mean PTA of 22 dB HL (SD = 16 dB) reported for the adult population seeking help for tinnitus and/or hyperacusis at the same clinic (Aazh & Moore, 2017a) . The great majority (80%) of the young population had PTA values within the normal range, indicating that tinnitus and hyperacusis often occur without any manifestation of hearing problems in the audiogram.
Hyperacusis was not characterized by strong across-frequency variations in audiometric threshold or by large interaural asymmetry in PTA.
Incidence of hyperacusis
Based on the ULLmin values, 85% (29/34) of the young patients who sought help for their tinnitus and/or hyperacusis were diagnosed with hyperacusis. This is consistent with the reasons given for referral, since 81% (50/62) of the young patients were referred because of sound intolerance problems, either alone (n = 17) or in combination with tinnitus (n = 33).
The incidence of hyperacusis in our sample is higher than the 39% incidence rate reported by Baguley et al (2013) for young patients, but their sample had a primary complaint of tinnitus, whereas our sample was based on young patients seeing help for tinnitus, hyperacusis, or 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w O n l y
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both. The prevalence found in our study is also higher than the 36% (177/494) prevalence of hyperacusis reported using the same ULLmin criterion in a study of patients with tinnitus and/or hyperacusis with an average age of 55 years (SD = 17 years) (Aazh & Moore, 2017a) .
Seventeen percent (7/41) of the young patients in the current study were diagnosed with severe hyperacusis, as indicated by ULLs of 30 dB HL or less for at least one of the measured frequencies for at least one ear. This proportion is considerably higher than the 4% prevalence of severe hyperacusis (13/362), among patients with an average age of 56 years (SD = 16 years), diagnosed using the same criterion (Aazh & Moore, 2017c) .
Overall, it appears that among patients seeking help for tinnitus and/or hyperacusis, tinnitus is more prevalent among older people, while hyperacusis is more prevalent among young people. This could partly be a consequence of the fact that the referral pathway for young people is not as established as that for adults, at least in the UK. As a result, only a small proportion of young patients are referred for tinnitus and/or hyperacusis rehabilitation.
It is possible that only children with severe problems are being referred to specialist tinnitus and hyperacusis clinics, and that hyperacusis leads to more severe problems than tinnitus.
This could lead to the relatively high prevalence rate for severe hyperacusis observed in our study. Future studies should explore this further.
Characteristics of ULLs for young patients with hyperacusis
The most common frequency associated with ULLs of 30 dB HL or below was 8 kHz.
Averaged across ears with hyperacusis, the mean ULL at 8 kHz was 11.2 dB lower than at 0.25 kHz (SD = 16). This does not seem to be related to the difference in the corresponding audiometric thresholds, as the mean difference in audiometric thresholds between 8 and 0.25 kHz across the young patients diagnosed with hyperacusis was only −0.1 dB. Coelho et al (2007) reported that, for children with tinnitus and/or hyperacusis, the mean ULL at 8 kHz was only about 4 dB lower than that at 0.25 kHz. However, a smaller proportion of their young patients had hyperacusis than was the case in our study. For 33% of our young patients (11/31), the ULL at 8 kHz was 20 dB or more lower than the ULL at 0.25 kHz. This proportion is higher than for patients with an average age of 55 years (SD = 17 years) seen in the same clinic, of whom 23% had a 20 dB or more difference between ULLs at 8 and 0.25 kHz (Aazh & Moore, 2017a Studies of adults with hyperacusis have typically shown that ULLs averaged across participants did not change markedly across the frequency range (Formby et al, 2007; Meeus et al, 2010; Sheldrake et al, 2015; Aazh & Moore, 2017a) , although there was often a trend for ULLs to be lower at 8 kHz than at middle frequencies, especially for patients with little or no hearing loss. Most of these studies did not report the variation of ULLs across frequency for individual patients. The strong across-frequency variation in ULLs for many of our young patients might be an indication of adverse reactions only to specific sounds, which is consistent with the definitions of annoyance and fear hyperacusis (Tyler et al, 2014 ) and misophonia (Cavanna & Seri, 2015; Kumar et al, 2017) . Future studies should explore the pattern of ULLs for individual young patients and their relationship to the everyday sounds that are found to be aversive by the patients.
Conclusions
Several studies have shown that tinnitus and hyperacusis are common in childhood. Yet few children are referred for treatment of their tinnitus and/or hyperacusis. In this study, which was conducted in a specialist clinic for the treatment of tinnitus and hyperacusis, only 62 children presented in a four-year period, representing 4% of the clinical caseload.
The results of this study suggest that there are some common characteristics among children and adolescents who are referred for help for their tinnitus and/or hyperacusis:
(1) Approximately 80% had pure tone audiograms within the normal range.
(2) More than 85% had hyperacusis, as diagnosed based on ULLmin values less than or equal to 77 dB HL.
(3) 17% had severe hyperacusis, as diagnosed based on a ULL of 30 dB HL or less for at least one of the measured frequencies for at least one ear.
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